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(57) ABSTRACT

A non-volatile memory cell includes a substrate of a first
conductivity type with first and second spaced apart regions
of'a second conductivity type, forming a channel region ther-
ebetween. A select gate is insulated from and disposed over a
first portion of the channel region which is adjacent to the first
region. A floating gate is insulated from and disposed over a
second portion of the channel region which is adjacent the
second region. Metal material is formed in contact with the
floating gate. A control gate is insulated from and disposed
over the floating gate. An erase gate includes a first portion
insulated from and disposed over the second region and is
insulated from and disposed laterally adjacent to the floating
gate, and a second portion insulated from and laterally adja-
cent to the control gate and partially extends over and verti-
cally overlaps the floating gate.

2 Claims, 17 Drawing Sheets
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FIG. 3E
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FIG. 3G
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FIG. 3H
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FIG. 4
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FIG. 6
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1
SPLIT GATE NON-VOLATILE FLASH
MEMORY CELL HAVING A SILICON-METAL
FLOATING GATE AND METHOD OF
MAKING SAME

TECHNICAL FIELD

The present invention relates to a non-volatile flash
memory cell which has a select gate, a silicon-metal floating
gate, a control gate, and an erase gate having an overhang with
the floating gate.

BACKGROUND OF THE INVENTION

Split gate non-volatile flash memory cells having a select
gate, a floating gate, a control gate and an erase gate are well
known in the art. See for example U.S. Pat. Nos. 6,747,310
and 7,868,375. An erase gate having an overhang over the
floating gate is also well know in the art. See for example,
U.S. Pat. No. 5,242,848. All three of these patents are incor-
porated herein by reference in their entirety.

In order to increase performance, the floating gate can be
doped with impurities. For example, increasing the dopant
level on the floating gate can increase the erase speed of the
memory cell. However, there are drawbacks to increased
doping. For example, out-diffuse of dopants from a highly
doped floating gate can decrease the quality of the dielectric
material surrounding the floating gate. Higher dopant levels
can also cause the blunting of the floating gate tip during
oxidation processes.

Accordingly, it is one of the objectives of the present inven-
tion to improve the erase efficiency of such a memory cell
without relying on high levels of dopant in the floating gate.

SUMMARY OF THE INVENTION

The aforementioned objectives are achieved with a non-
volatile memory cell that includes a substrate of a first con-
ductivity type, having a first region of a second conductivity
type, a second region of the second conductivity type spaced
apart from the first region, forming a channel region therebe-
tween, a select gate insulated from and disposed over a first
portion of the channel region which is adjacent to the first
region, a floating gate insulated from and disposed over a
second portion of the channel region which is adjacent the
second region, metal material formed in contact with the
floating gate, a control gate insulated from and disposed over
the floating gate and an erase gate that includes first and
second portions. The first portion is insulated from and dis-
posed over the second region, and is insulated from and
disposed laterally adjacent to the floating gate. The second
portion is insulated from and laterally adjacent to the control
gate, and partially extends over and vertically overlaps the
floating gate.

A method of forming a non-volatile memory cell includes
forming, in a substrate of a first conductivity type, spaced
apart first and second regions of a second conductivity type,
defining a channel region therebetween, forming a select gate
insulated from and disposed over a first portion of the channel
region which is adjacent to the first region, forming a floating
gate insulated from and disposed over a second portion of the
channel region which is adjacent the second region, forming
metal material in contact with the floating gate, forming a
control gate insulated from and disposed over the floating
gate, and forming an erase gate that includes first and second
portions. The first portion is insulated from and disposed over
the second region, and is insulated from and disposed later-
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2

ally adjacent to the floating gate. The second portion is insu-
lated from and laterally adjacent to the control gate, and
partially extends over and vertically overlaps the floating
gate.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG.1is across sectional view of an improved non-volatile
memory cell of the present invention.

FIGS. 2A-2C and 3A-3] are cross sectional views of a
process to make one embodiment the memory cell of the
present invention.

FIG. 4 is a cross sectional view of an alternate embodiment
of the memory cell of the present invention.

FIG. 5 is a cross sectional view of a second alternate
embodiment of the memory cell of the present invention.

FIG. 6 is a cross sectional view of a third alternate embodi-
ment of the memory cell of the present invention.

DETAILED DESCRIPTION OF THE INVENTION

Referring to FIG. 1 there is shown a cross-sectional view of
an improved non-volatile memory cell 10 of the present
invention. The memory cell 10 is made in a substantially
single crystalline substrate 12, such as single crystalline sili-
con, which is of P conductivity type. Within the substrate 12
is a first region 14 of a second conductivity type. If the first
conductivity type is P then the second conductivity type is N.
Spaced apart from the first region is a second region 16 of the
second conductivity type. Between the first region 14 and the
second region 16 is a channel region 18, which provides for
the conduction of charges between the first region 14 and the
second region 16.

Positioned above, and spaced apart and insulated from the
substrate 12 is a select gate 20, also known as the word line 20.
The select gate 20 is positioned over a first portion of the
channel region 18. The first portion of the channel region 18,
immediately abuts the first region 14. Thus, the select gate 20
has little or no overlap with the first region 14. A floating gate
22 is also positioned above and is spaced apart and is insulated
from the substrate 12. The floating gate 22 is positioned over
a second portion of the channel region 18 and a portion of the
second region 16. The second portion of the channel region 18
is different from the first portion of the channel region 18.
Thus, the floating gate 22 is laterally spaced apart and is
insulated from and is adjacent to the select gate 20. An erase
gate 24 is positioned over and spaced apart from the second
region 16, and is insulated from the substrate 12. The erase
gate 24 is laterally insulated and spaced apart from the float-
ing gate 22. The select gate 20 is to one side of the floating
gate 22, with the erase gate 24 to another side of the floating
gate 22. Finally, positioned above the floating gate 22 and
insulated and spaced apart therefrom is a control gate 26. The
control gate 26 is insulated and spaced apart from the erase
gate 24 and the select gate 20, and is positioned between the
erase gate 24 and the select gate 20. Thus far, the foregoing
description of the memory cell 10 is disclosed in U.S. Pat.
Nos. 6,747,310 and 7,868,375.

The erase gate 24 has a portion that overhangs the floating
gate 22. The erase gate 24 comprises of two parts that are
electrically connected. In the preferred embodiment, the two
parts form a monolithic structure, although it is within the
present invention that the two parts can be separate parts and
electrically connected. A first part of the erase gate 24 is
laterally adjacent to the floating gate 22 and is above the
second region 16. The first part of the erase gate 24 has an end
32 that is closest to the floating gate 22. The second part of the
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erase gate 24 is laterally adjacent to the control gate 26 and
overhangs a portion of the floating gate 22 (i.e. there is partial
vertical overlap of the erase gate 24 and the floating gate 22).
The second part of the erase gate 24 which is laterally adja-
cent to the control gate 26 and overhangs the floating gate 22
is also vertically spaced apart from the floating gate 22.

In the improvement of the present invention, a layer of
metal 36 is formed on the floating gate 22 (below and insu-
lated from the control gate 26). Preferably, the layer of metal
36 is formed on that portion of the floating gate vertically
covered by the control gate, but the metal layer 36 is not
formed on that portion of the floating gate vertically covered
by the erase gate 24 (i.e. in this embodiment there is no
vertical overlap between the erase gate 24 and the metal layer
36). The metal layer 36 provides a much higher concentration
of electrons than highly doped polysilicon for increased erase
performance, yet without the drawbacks of using highly
doped polysilicon.

As described in U.S. Pat. No. 6,747,310, the memory cell
10 erases by electrons tunneling through the Fowler-Nord-
heim mechanism, from the floating gate 22 to the erase gate
24. Further, to improve the erase mechanism, the floating gate
22 may have a sharp corner 22a closest to the erase gate 24
(facing a notch 24a formed therein) to enhance the local
electrical field during erase and in turn enhance the flow of
electrons from the corner of the floating gate 22 to the erase
gate 24. By having the metal layer 36 extend across only part
of' the top surface of the floating gate (i.e. not that part of the
floating gate adjacent the erase gate 24), tunneling between
the polysilicon corner of the floating gate 22 and the polysili-
con erase gate 24 is preserved.

Referring to FIGS. 2A-2C and 3A-3J there are shown
cross-sectional views of the steps in the process to make cell
10 of the present invention. FIG. 2A shows STI isolation
regions formed in the substrate, which is well known in the
art. STI insulation material 40 is deposited or formed in
trenches into the substrate, whereby the insulation material 40
extends above the surface of the substrate. The substrate can
be P type single crystalline silicon. A layer of silicon dioxide
42 is formed on the substrate 12 of P type single crystalline
silicon. Thereafter a first layer 44 of polysilicon (or amor-
phous silicon) is deposited or formed on the layer 42 of silicon
dioxide.

A polysilicon chemical-mechanical polish (CMP) process
is performed, using the tops of the STI insulation as an etch
stop, to lower the top surface of'the poly layer 44, as shown in
FIG. 2B. The upper surface of the poly layer 44 is lowered
further with a poly etch. A metal material is deposited on the
structure, followed by a metal CMP etch using the STI insu-
lation material as an etch step. Suitable metal materials
include TiN, TaN, Ti, Pt, etc. The resulting structure is shown
in FIG. 2C.

Referring to FIG. 3 A there is shown a cross sectional view
orthogonal to that of FIGS. 2A-2C (along line 3A as indicated
in FIG. 2C). Another insulating layer 48, such as silicon
dioxide (or even a composite layer, such as ONO) is deposited
or formed on the metal layer 46. A second layer 50 of poly-
silicon is then deposited or formed on the layer 48. Another
layer 52 of insulator is deposited or formed on the second
layer 50 of polysilicon and used as a hard mask during sub-
sequent dry etching. In the preferred embodiment, the layer
52 is acomposite layer, comprising silicon nitride 524, silicon
dioxide 524, and silicon nitride 52¢. The resulting structure is
shown in FIG. 3A

Photoresist material 54 is deposited on the structure, and a
masking step is formed exposing selected portions of the
photoresist material. The photoresist is developed and selec-
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tively etched. The exposed portions of composite layer 52 are
then anisotropically etched until poly layer 50 is exposed, as
shown in FIG. 3B. The photoresist material 54 is removed,
and using the stacks of composite layer 52 as an etch mask,
the second layer 50 of polysilicon, the insulating layer 48, and
the metal layer 46 are then anisotropically etched, until the
poly layer 44 is exposed. The resultant structure is shown in
FIG. 3C. Although only two “stacks” S1 and S2 are shown, it
should be clear that there are number of such “stacks” that are
separated from one another.

Silicon dioxide 56 is deposited or formed on the structure.
This is followed by the deposition of silicon nitride layer 58.
The silicon dioxide 49 and silicon nitride 50 are anisotropi-
cally etched leaving a spacer 60 (which is the combination of
the silicon dioxide 56 and silicon nitride 58) around each of
the stacks S1 and S2. Formation of spacers is well known in
the art, and involves the deposition of a material over the
contour of a structure, followed by an anisotropic etch pro-
cess, whereby the material is removed from horizontal sur-
faces of the structure, while the material remains largely
intact on vertically oriented surfaces of the structure (with a
rounded upper surface). The resultant structure is shown in
FIG. 3D.

A photoresist mask 62 is formed over the regions between
the stacks S1 and S2, and other alternating pairs stacks. For
the purpose of this discussion, this region between the stacks
S1 and S2 will be called the “inner region” and the regions not
covered by the photoresist, shall be referred to as the “outer
regions”. The exposed first polysilicon 44 in the outer regions
is anisotropically etched. The resultant structure is shown in
FIG. 3E.

The photoresist material 62 is removed from the structure
shown in FIG. 3E. A layer of oxide is then deposited or
formed over the structure, followed by an anisotropic etch
leaving spacers 64 adjacent to the stacks S1 and S2, as shown
in FIG. 3F. Photoresist material 66 is then deposited and is
masked leaving openings in the inner regions between the
stacks S1 and S2. The polysilicon 44 in the inner regions
between the stacks S1 and S2 (and other alternating pairs of
stacks) is anisotropically etched. The resultant structure is
subject to a high voltage ion implant forming the second
regions 16. The resultant structure is shown in FIG. 3G.

The oxide spacers 64 adjacent to the stacks S1and S2 inthe
inner region are removed by e.g. a wet etch or a dry isotropic
etch. This etch also removes oxide layer 42 over the second
region 16. The photoresist material 66 in the outer regions of
the stacks S1 and S2 is removed. Silicon dioxide 68 is depos-
ited or formed over the structure. The structure is once again
covered by photoresist material 70 and a masking step is
performed exposing the outer regions of the stacks S1 and S2
and leaving photoresist material 70 covering the inner region
between the stacks S1 and S2. An oxide anisotropic etch is
performed, to reduce the thickness of the spacers 64 in the
outer regions of the stack S1 and S2, and to completely
remove any silicon dioxide from the exposed silicon substrate
12 in the outer regions. The resultant structure is shown in
FIG. 3H.

The photoresist material 70 is removed. A thin layer 72 of
silicon dioxide, on the order of 20-100 angstroms, is formed
on the structure. This oxide layer 72 is the gate oxide between
the select gate 20 and the substrate 12. It also thickens oxide
layer 68 in the inner region. Polysilicon is deposited over the
structure, followed by an anisotropic etch to result in poly-
silicon spacers in the outer regions of the stack S1 and S2
which constitute the select gates 20 of two memory cells 10
adjacent to one another sharing a common second region 16.
In addition, the spacers within the inner regions of the stacks



US 9,123,822 B2

5

S1 and S2 are merged together forming a single erase gate 24
which is shared by the two adjacent memory cells 10. A layer
of'insulation material is deposited on the structure, and etched
anisotropically to form spacers 74 next to the select gates 20.
The resulting structure is shown in FIG. 31. 5

Thereafter, an ion implant step is performed forming the
first regions 14. Each of these memory cells on another side

6
gate. The high voltage coupled to the floating gate induces FG
channel inversion and concentrates lateral field in the split
area to generate hot electrons more effectively. In addition,
the voltages provide a high vertical field to attract hot electron
into the floating gate and reduce injection energy barrier.

For reading, the following voltages may be applied.

WL (20) BL (78) SL (16) CG(26) EG (24)
Select Unselect Select Unselect  Select  Unselect Select Unselect Select Unselect
1.5-3.7v Ov 0.5-1.5v Ov Ov Ov 0v-3.7V Ov 0v-3.7V Ov
15

share a common first region 14. The structure is covered by
insulation material 76. An lithographic etch process is used to
create holes extending down and exposing the first regions 14.
The holes are lined or filed with conductive material to form
bit line contacts 78. The final structure is shown in FIG. 3J.
The overhang between the erase gate 24 and floating gate 22
enhances erase performance, as does the metal layer 36 on
floating gate 22. Specifically, the metal layer 36 provides an
almost unlimited source of electrons, and thus provides suf-
ficient carrier source for cell operation while maintaining a
lower floating gate doping to prevent outdiffusion and/or
corner blunting. The inclusion of metal layer 36 also allows
the floating gate (and thus the memory cell in general) to be
scaled down to smaller dimensions.

The operations of program, read and erase and in particular 3¢
the voltages to be applied may be the same as those as set forth
in U.S. Pat. No. 6,747,310, whose disclosure is incorporated
herein by reference in its entirety.

However, the operating conditions may also be different.
For example, for erase operation, the following voltages may
be applied.

20

25

During read, depending upon the balance between pro-
gram and read operations, the voltages on the select control
gate 26 and the select erase gate 24 can be balanced because
each is coupled to the floating gate. Thus, the voltages applied
to each of the select control gate 26 and select erase gate 24
can be a combination of voltages ranging from 0 to 3.7V to
achieve optimum window. In addition, because voltage on the
select control gate is unfavorable due to the RC coupling,
voltages on the select erase gate 24 can result in a faster read
operation.

FIG. 4 illustrates a first alternate embodiment. In this
embodiment, the metal layer 36 extends across the entire
upper surface of the floating gate 22. Therefore, during erase,
the electrons tunnel from the corner of the metal layer 36 to
the erase gate 24. In this configuration, the metal work func-
tion should not be much higher than silicon so as to not slow
down the erase operation.

FIG. 5 illustrates a second alternate embodiment. In this
embodiment, an additional layer 23 of polysilicon is formed
over the metal layer. Thus, the floating gate 22/23 is consti-

WL (20) BL (78) SL (16) CG (26) EG (24)
Select  Unselect Select Unselect Select Unselect Select Unselect Select  Unselect
Ov Ov Ov Ov Ov Ov Ovor Ov 9-15v Ov
-1to or7-9v
-10v
45

During erase, a negative voltage from -1 to —10 volts may
be applied to the select control gate 26. In that event, the
voltage applied to the select erase gate 24 may be lowered
down to 6-9 volts. The “overhang” of the erase gate 24 shields
the tunneling barrier from the negative voltage applied to the >°
select control gate 26.

For programming, the following voltages may be applied.

tuted by two layers of polysilicon 22/23 with a layer of metal
36 sandwiched in-between. This configuration preserves the
poly-to-poly tunneling during erase, yet allows the metal
layer 36 to extend across the full width of the floating gate.
FIG. 6 illustrates a third alternate embodiment. In this
embodiment, the metal layer 36 on the top surface of the
floating gate 22 is replaced by metal spacers 80 formed

WL (20) BL (78) SL (16) CG (26) EG (24)
Select  Unselect Select Unselect Select Unselect Select Unselect Select  Unselect
1-2v Ov 0.5-5uA  1.5-3v 3-6v Ov 6-12v Ov 3-9v Ov

60

During programming, the selected cell is programmed
through efficient hot-electron injection with the portion of the
channel under the floating gate in inversion. The medium
voltage of 3-6 volts is applied to the select SL to generate the
hot electrons. The select control gate 26 and erase gate 24 are
biased to a high voltage (6-9 volts) to utilize the high coupling
ratio and to maximize the voltage coupling to the floating

65

against the sides of the floating gates 22. This configuration
also preserves the poly-to-poly tunneling during erase.

It is to be understood that the present invention is not
limited to the embodiment(s) described above and illustrated
herein, but encompasses any and all variations falling within
the scope of the appended claims. For example, references to
the present invention herein are not intended to limit the scope
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of'any claim or claim term, but instead merely make reference
to one or more features that may be covered by one or more of
the claims. Materials, processes and numerical examples
described above are exemplary only, and should not be
deemed to limit the claims. Further, as is apparent from the
claims and specification, not all method steps need be per-
formed in the exact order illustrated or claimed, but rather in
any order that allows the proper formation of the memory cell
of the present invention. Lastly, single layers of material
could be formed as multiple layers of such or similar materi-
als, and vice versa.

It should be noted that, as used herein, the terms “over” and
“on” both inclusively include “directly on” (no intermediate
materials, elements or space disposed therebetween) and
“indirectly on” (intermediate materials, elements or space
disposed therebetween). Likewise, the term ‘“adjacent”
includes “directly adjacent” (no intermediate materials, ele-
ments or space disposed therebetween) and “indirectly adja-
cent” (intermediate materials, elements or space disposed
there between), “mounted to” includes “directly mounted to”
(no intermediate materials, elements or space disposed there
between) and “indirectly mounted to” (intermediate materi-
als, elements or spaced disposed there between), and “elec-
trically coupled” includes “directly electrically coupled to”
(no intermediate materials or elements there between that
electrically connect the elements together) and “indirectly
electrically coupled to” (intermediate materials or elements
there between that electrically connect the elements
together). For example, forming an element “over a sub-
strate” can include forming the element directly on the sub-
strate with no intermediate materials/elements therebetween,
as well as forming the element indirectly on the substrate with
one or more intermediate materials/elements therebetween.

What is claimed is:

1. A non-volatile memory cell comprising:

a substrate of a first conductivity type, having a first region
of a second conductivity type, a second region of the
second conductivity type spaced apart from the first
region, forming a channel region therebetween;

a select gate insulated from and disposed over a first por-
tion of the channel region which is adjacent to the first
region;

a floating gate insulated from and disposed over a second
portion of the channel region which is adjacent the sec-
ond region, wherein the floating gate is formed of poly-
silicon;

metal material formed in contact with the floating gate;
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a control gate insulated from and disposed over the floating
gate;
an erase gate that includes first and second portions,
wherein:
the first portion is insulated from and disposed over the
second region, and is insulated from and disposed
laterally adjacent to the floating gate; and
the second portion is insulated from and laterally adja-
cent to the control gate, and partially extends over and
vertically overlaps the floating gate;
wherein the metal material is disposed as a layer on a top
surface of the floating gate, and wherein the layer of the
metal material extends over only a portion of the top
surface of the floating gate, wherein the layer of the
metal material does not extend over any portion of the
top surface over which the erase gate second portion
extends.
2. A method of forming a non-volatile memory cell com-
prising:
forming, in a substrate of a first conductivity type, spaced
apart first and second regions of a second conductivity
type, defining a channel region therebetween;
forming a select gate insulated from and disposed over a
first portion of the channel region which is adjacent to
the first region;
forming a floating gate of polysilicon material insulated
from and disposed over a second portion of the channel
region which is adjacent the second region;
forming metal material in contact with the floating gate;
forming a control gate insulated from and disposed over the
floating gate;
forming an erase gate that includes first and second por-
tions, wherein:
the first portion is insulated from and disposed over the
second region, and is insulated from and disposed
laterally adjacent to the floating gate; and
the second portion is insulated from and laterally adja-
cent to the control gate, and partially extends over and
vertically overlaps the floating gate;
wherein the metal material is disposed as a layer on a top
surface of the floating gate, and wherein the layer of the
metal material extends over only a portion of the top
surface of the floating gate, wherein the layer of the
metal material does not extend over any portion of the
top surface over which the erase gate second portion
extends.



